Brown adipose tissue (BAT) is classically activated by sympathetic nervous stimulation resulting from exposure to cold. Feeding a high-fat diet also induces development of brown fat, but is decreased by caloric restriction. Blood ketone bodies, which function as alternative energy substrates to glucose, are increased during caloric restriction. Here we discuss the unexpected observation that feeding an ester of ketone bodies to the mouse, which increases blood ketone body concentrations, results in an activation of brown fat. The mechanism of this activation of brown fat is similar to that occurring from cold exposure in that cyclic adenosine monophosphate (AMP) levels are increased as are levels of the transcription factor cyclic AMP-responsive element-binding protein, which is also increased by ketone ester feeding. Other effects of feeding ketone esters, in addition to their ability to induce brown fat, are discussed such as their ability to overcome certain aspects of insulin resistance and to ameliorate the accumulation of amyloid and phosphorylated tau protein in brain, and improve cognitive function, in a triple transgenic mouse model of Alzheimer's disease.
Introduction
Brown fat is hypertrophied by cold exposure and its development and metabolic activation are controlled by the sympathetic nervous system. 1,2 Feeding a high-fat diet also increases the thermogenic activity of brown fat. 3 The elevated blood lipids resulting from a high-fat diet increase the transcription factors, peroxisome proliferator-activated receptor and , 4 leading to the transcription of uncoupling protein 1 while also increasing brown fat adipocyte differentiation. In addition, it has been shown that simply overeating on the socalled cafeteria diet induces the development and activation of brown fat 5 whereas caloric restriction decreases the development and activation of brown fat. 6 The physiological response to fasting in the human is ketosis, where total blood ketone bodies rise to about 5-7 mM. 7 Therefore the finding that ketosis induced by feeding ketone esters activated brown fat tissue in the mouse was surprising and is discussed further below.
Ketone ester feeding increases mitochondrial content of brown adipose tissue in the mouse
In a recent study investigating the effect of elevated ketone levels on brown adipose tissue (BAT) physiology, 8 mice were pair-fed a diet containing 6% by weight of ketone esters and the control animals were pair-fed to the ketone ester-fed group, which consumed less food than the control group. The blood levels of D--hydroxybutyrate in ketone ester-fed mice were 7 mM. In addition, the ketone-fed mice had a twofold greater [ 18 F]-fluordesoxyglucose (FDG) uptake than control animals. Feeding ketone ester was found to increase cyclic adenosine monophosphate (AMP) levels in BAT from 8 pmol to 13 pmol/mg protein, and doubled the transcription factor cyclic AMP-responsive element-binding protein, which is consistent with an increase in mitochondrial electron transport proteins. On the basis of this evidence, it would appear that feeding ketone esters increased the metabolic activity and presumably heat production in BAT in the mouse. The increase in FDG uptake in mice fed a ketone ester diet differed from mice fed a high-fat ketogenic diet. 7 Figure 1 illustrates gross morphological, cellular, and subcellular comparisons of BAT from mice on either the control or ketone ester-based diets. Figure 1A depicts gross morphological changes in BAT, and Figure 2B and C illustrate lower amounts of lipid-containing vesicles in the BAT from ketone ester-fed mice compared to controls.
Ketogenic diet and ketone ester feeding compared
There are important differences between feeding ketone esters (as in the study described earlier) and feeding a ketogenic diet. Ketogenic diets have been fed to humans since they were proposed by Russell Wilder at the Mayo Clinic in 1921 9 following the finding by Hugh Conkin 10 that fasting resulted in a cessation of seizures in a child with intractable epilepsy. Since that time, the ketogenic diet has been used to treat drug-resistant epilepsy. 11 Because of their rapid absorption, blood ketone levels of any desired level can be achieved by feeding the ketone ester, whereas feeding a ketogenic diet may produce diverse levels of ketone bodies depending upon the amount of carbohydrate or protein of the diet. A high-fat diet can lead to significant elevation of blood ketones, but also to an elevation of blood free fatty acids which in humans leads to a deterioration in both physical and cognitive performance. 12 In addition, feeding a ketogenic diet can lead to an elevation of blood cholesterol and triglycerides which is undesirable in anyone over 17 years of age because of it atherogenic potential. 13 
Ketone bodies and energy utilization
In addition to its effects on BAT physiology, feeding a ketone ester diet may be of benefit in the treatment of obesity since it decreased brain malonyl CoA, an important metabolic determinant of appetite. 14 Although feeding ketone esters increased uncoupling protein and metabolic activity in BAT as estimated by FDG uptake, it is not proven that inducing ketosis would increase energy wasting in the whole animal. Indeed, based on the evidence from working perfused rat heart, the metabolism of ketones leads to an increase in the efficiency of the hydraulic work output of the heart, which reflects the inherent energy contained in the bond energy when comparing pyruvate versus D--hydroxybutyrate utilization. 15 When comparing the hydraulic work (in Joules) per molecule of O 2 consumed in the isolated working perfused heart (Table 1 ), the addition of either 4 mM ketone bodies or insulin increased the efficiency of work output by about 30%-similar to the heats of combustion of the substrate molecules (ketones versus glucose).
Insulin acts on energy production by activation of pyruvate dehydrogenase (PDH). 16, 17 This is shown by the ninefold increase in the product of PDH, acetyl CoA, by the addition of insulin to the glucose-perfused isolated working heart (Fig. 2) . Adding ketone bodies to the perfusion increases acetyl CoA 15-fold, more than duplicating the metabolic effect of insulin (Fig. 2) . The addition of both insulin and ketones leads to the reduction of free mitochondrial NAD + /NADH while at the same time increasing the fumarate/succinate ratio indicating an oxidation of the free coenzyme Q/reduced coenzyme Q ratio (Fig. 3) . This increase in the redox span between sites I and II of the electron transport system results in an increase in G of the mitochondrial NAD/Q couple and its resultant increase in the G of mitochondria proton gradient and the G of ATP hydrolysis. It should be emphasized that the values of the free nucleotide ratios are calculated from measured ratios of metabolites taking part in the near equilibrium reactions as described by Bucher and Klingenberg; 18 Williamson et al.; 19 Krebs and Veech; 20 and Veech et al. 21 Measurements of total NAD or NADH, as more recently reported in the cell biology literature, [22] [23] [24] are insufficient energetic determinants because such values give no information about either the thermodynamics or kinetics of the intracellular reactions because of the near complete compartmentation of these nucleotides.
The ability of ketones to mimic the metabolic and energetic effects of insulin demonstrates that ketones can overcome the effects of insulin resistance. Injury of any sort to the cell results in insulin resistance and is usually indicated by an increase in blood sugar levels characteristic of the injury. It then follows that resuscitation or fluids used in the treatment of, for example, a hemorrhage or burns would be more effective if they contained ketone bodies which could overcome the insulin resistance associated with injury. 25, 26 Use of fluids containing either D or L lactic acid provide no metabolic benefit in the presence of a metabolic block in PDH since the lactate cannot be further metabolized. Fluid replacements based on volumetric considerations alone without consideration of the metabolic and energetic properties of the cell are of little value and can, in fact, be harmful. 27 The effects of ketone ester feeding on the triple transgenic mouse model of
Alzheimer's disease
Insulin resistance in the brains of patients with Alzheimer's disease 28 is associated with insulin-like growth factor 1 (IGF-1) resistance, impaired regulation of the insulin receptor substrate 1 (IRS-1), and cognitive decline. This insulin resistance is not corrected by direct addition of insulin to brain tissue 28 where decreased cerebral glucose utilization observed by FDG-positron emission tomography (PET) precedes the cognitive impairment of Alzheimer's disease. 29, 30 Direct addition of ketones to hippocampal neuronal cultures has been shown to decrease cell death that resulted from the addition of amyloid-to the culture media. 31 In the same study, the addition of ketones to cultures of mesencephalic neurons provided protection from cell death induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a free radical-inducing agent.
A recent study demonstrated that feeding ketone esters to triple transgenic mouse models of Alzheimer's disease resulted in an improvement in cognitive function and a decrease in brain amyloid-and phosphorylated tau, as observed by histological examination of brain sections stained for amyloid-and phosphorylated tau proteins (Fig. 4) . 32 In a study recently reported from the Karolinska Institute, the addition of oral dietary energy substrates, including -hydroxybutyrate, to standard animal diets reversed the energy deficits in a different transgenic mouse model of Alzheimer's disease. 33 These authors concluded that adding simple energy substrates to the diet could reverse the hyperexcitability observed in mouse models of Alzheimer's disease. Demonstrations that mild ketosis can correct the pathological and behavioral changes in triple transgenic mouse models of Alzheimer's disease suggests that ketosis could potentially be of therapeutic benefit in the treatment and prevention of Alzheimer's disease in humans. Further, the ability of ketones to prevent free radical damage suggests the possibility that ketones could be an important protective agent in the treatment of both Parkinson and Alzheimer's disease.
The ability of ketone metabolism to protect cells from free radical damage results from the ketone's ability to reduce the free NADP nucleotide system. 34 More recently it has been shown that D--hydroxybutyrate induces a transcription factor that increases the production of superoxide dismutase and metalothionine, both important in the destruction of free radicals. It has also recently been reported that a genetic variant in the triggering receptor expressed on myeloid cells 2 (TREM2), which increases free radical formation, is associated with late-onset Alzheimer's disease. 35, 36 In addition, it has been shown that D--hydroxybutyrate is an endogenous inhibitor of histone deacetylase 1. This leads to increased acetylation at the FOXO3A and MT2 promoter sites, conferring protection against oxidative stress by induction of the FOX1 pathway and the enzymes superoxide dismutase and catalase, important in the detoxification of O 2 free radicals. 37 
Figure 1.
Feeding the ketone monoester to the mouse resulted in (A) a darker color in the brown adipose tissue, (B) reduced lipid content in hematoxylin and eosin (H&E) sections, (C) reduced lipid droplet size and increased mitochondrial number in electron microscopy slides. 8 
Figure 2.
A diagram depicting the Krebs cycle metabolite changes in the glucose-perfused working rat heart by addition of insulin, ketones, or a combination of the two. 38 Effects of the addition of insulin, ketone, or the combination on mitochondrial energy parameters in the glucose-perfused isolated working rat heart. 38 Effects of ketone feeding on brain amyloid and phosphorylated tau in a transgenic mouse model of Alzheimer's disease. 39 Table 1 Effect of insulin and ketones on physiological parameters and efficiency of the working rat heart Control glucose n = 8 Insulin n = 5 Ketone n = 5 Ketone + insulin n = 5
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